Proposed fault diagnostics of a broken rotor bar induction motor fed from PWM inverter  by Khater, Faeka M.H. et al.
Au
d
f
©
(
K
1
t
m
e
e
b
c
b
p
2
(Available  online  at  www.sciencedirect.com
ScienceDirect
Journal of Electrical Systems and Information Technology 3 (2016) 387–397
Proposed fault diagnostics of a broken rotor bar induction motor fed
from PWM inverter
Faeka M.H. Khater a, Mohamed I. Abu El-Sebah a,b,∗, Mohamed Osama c,
Khaled S. Sakkoury a
a Electronics Research Institute, Dokki, Cairo, Egypt
b Arab Academy for Science and Technology and Maritime Transport, Faculty of Engineering, Egypt
c High Institute of Engineering, 6th of October City, Egypt
Received 27 June 2016; received in revised form 10 July 2016; accepted 25 July 2016
Available online 3 August 2016
bstract
This paper presents a fault diagnostics technique for a three-phase squirrel cage induction motor. The method is developed
sing a simplified model affected by bar resistance variation. Based on 3-phase time domain model, the rotor broken bar with
ifferent conditions has been simulated to investigate the resulting torque speed characteristic in each condition. The developed
ault diagnostics system is capable of identifying the type of the broken-bar faults in the squirrel cage induction machines.
 2016 Electronics Research Institute (ERI). This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
A great attention has been paid for induction motor fault diagnostics especially for the broken bar fault. This fault
ype constitutes between 5 and 10% of the total cage rotor—induction motor failures (Nandi et al., 2005). Many
ethods to detect the faults related to the rotor broken bars have been adopted (Yang et al., 2015; Rangel-Magdaleno
t al., 2013, 2014; Gyftakis et al., 2013; Pons-Llinares et al., 2015; Ebrahimi et al., 2012; Keskes et al., 2013; Gu
t al., 2015; Georgoulas et al., 2013). Motor current signature analysis (MCSA) based on the 50/60-Hz sidebands has
ecome a common test in industry for monitoring the condition of the induction motor rotor cage. However, many
ases of unnecessary motor inspection or outage due to false alarms produced by rotor axial duct interference have
een reported (Yang et al., 2015). Fault diagnostics of drive systems have to cover the converter and the motor. A
revious work has Proposed a rule-based fuzzy Logic system for fault cases of inverter fed induction machine focusing
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on the power switches of the inverter (Faeka Khater, 1992). The developed system is capable of identifying the type
and location of the fault.
The authors in Rangel-Magdaleno et al. (2013) and Rangel-Magdaleno et al. (2014) used the MCSA and mathemat-
ical morphology to detect broken bars on induction motors under different mechanical load condition. The proposed
algorithm was tested then implemented in an FPGA to be used in real-time applications.
Finite element method was used in Gyftakis et al. (2013) to study the influences of the broken bar fault on the elec-
tromagnetic characteristics of the cage rotor induction motor. To avoid eventual wrong diagnostics of the conventional
MCSA in certain industrial situations, transient-based fault diagnosis in induction motors has been used by the authors
in Pons-Llinares et al. (2015). Rotor broken bars diagnosis based on wavelet coefficients of stator current was studied
in Ebrahimi et al. (2012) and Keskes et al. (2013). Another modification to the MCSA method was introduced in Gu
et al. (2015) where modulation signal bispectrum (MSB) analysis is applied to motor currents from different broken
bar cases and a new MSB based sideband estimator is introduced. The authors in Georgoulas et al. (2013) proposed a
method based on Principal Component Analysis (PCA) and was applied to the stator’s three phase start-up current. The
fault detection is easier in the start-up transient because of the increased current in the rotor circuit, which amplifies
the effects of the fault in the stator’s current independently of the motor’s load.
However, most of these methods have suffered from some drawbacks such as it is difficult to determine the fault
type at no load and the symmetrical fault will appear as no fault. Also, at light load conditions, it is quite difficult to
distinguish between healthy and faulty rotors because the characteristics of broken rotor bar fault frequencies are very
close to fundamental component and their amplitude are small in comparison.
In order to overcome the above problems, the rotor resistance detection (RRD) method is proposed for the broken
rotor bar fault detection purpose in the induction machines.
The proposed technique applies the RRD to the torque- speed characteristics during the motor starting. The torque
speed curve is used to detect resistance from the maximum torque point, which overshadows the characteristic
differences between a healthy motor and a faulty motor with broken rotor bars.
Induction motor model can be derived in two different concepts, the first model is derived in a 3-phase (abc) axis
system, while the second model is derived in 2-phase (d–q) axis. The simulation utilized an inverter to drive the motor
to study the broken bars effect with reduced stator currents.
2.  Induction  motor  model  in  abc  axes
The following equations represent the induction motor in the abc  axis. The model covers both the electrical and
mechanical parts of the motor.
Starting with the voltage equation
V  =  i.R  + dλ
dt
(1)
where λ  =  L.i
V  =  i.R  + d (L.i)
dt
(2)
V =  i.R  +  i. dL
dt
+  Ldi
dt
(3)
V  =  i.R  +  i. dθ
dt
dL
dθ
+  Ldi
dt
(4)
where dθ/dt  =  ωm
V  =
(
R  +  ωm dL
dθ
)
i +  Ldi
dt
(5)Leads to derive the electrical side equations in the form
di
dt
= 1
L
(
V −
(
R  +  ωm dL
dθ
)
i
)
(6)
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hile mechanical part driven from the torque equation
Te =  J d (ωm)
dt
+  B.ωm +  TL (7)
ince dθ/dt  =  ωm
Te  = d (ωm)
d (θm)
= P
4
.i′
dL
dθ
i  (8)
here
Resistance  matrix  []:
R  =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Rs 0 0 0 0 0
0 Rs 0 0 0 0
0 0 Rs 0 0 0
0 0 0 Rra 0 0
0 0 0 0 Rrb 0
0 0 0 0 0 Rrc
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Inductance  sub  matrices  [H]:
Lss =
⎡
⎢⎢⎢⎢⎢⎢⎣
−
Ls −Lm2 −
Lm
2
Lm
2
Ls −Lm2
−Lm
2
−Lm
2
Ls
⎤
⎥⎥⎥⎥⎥⎥⎦
,  Lrr =
⎡
⎢⎢⎢⎢⎢⎢⎣
−
Lr −Lm2 −
Lm
2
Lm
2
Lr −Lm2
−Lm
2
−Lm
2
Lr
⎤
⎥⎥⎥⎥⎥⎥⎦
Lsr =  Lm.
⎡
⎢⎣
Cos(θ) Cos(θ  +  γ) Cos(θ  −  γ)
Cos(θ −  γ) Cos(θ) Cos(θ  +  γ)
Cos(θ +  γ) Cos(θ  −  γ) Cos(θ)
⎤
⎥⎦
dLsr =  −Lm.
⎡
⎢⎣
Sin(θ) Sin(θ  +  γ) Sin(θ  −  γ)
Sin(θ −  γ) Sin(θ) Sin(θ  +  γ)
Sin(θ +  γ) Sin(θ  −  γ) Sin(θ)
⎤
⎥⎦
here γ  is the phase angle
L  =
[
dLss dLsr
dLsr
′ dLrr
]
Inductance  matrix  L:dLsr
dθ
=
[
Zeros  dLsr
dLsr
′ Zeros
]
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dLsr
dθ
=  −Lm.
⎡
⎢⎢⎢⎢⎢⎢⎢⎣
0 0 0 Sin(θ) Sin(θ  +  γ) Sin(θ  −  γ)
0 0 0 Sin(θ  −  γ) Sin(θ) Sin(θ  +  γ)
0 0 0 Sin(θ  +  γ) Sin(θ  −  γ) Sin(θ)
Sin(θ) Sin(θ −  γ) Sin(θ  +  γ) 0 0 0
Sin(θ +  γ) Sin(θ) Sin(θ  −  γ) 0 0 0
Sin(θ −  γ) Sin(θ  +  γ) Sin(θ) 0 0 0
⎤
⎥⎥⎥⎥⎥⎥⎥⎦
3.  Induction  motor  model  in  d–q  axes
The model of the induction motor in the arbitrary rotating reference frame will be presented to deduce the model in
the α-β  frame which is required to be used to simulate the induction motor in the d–q  frame which suits implementation
of control equations Fig. 1.
The stator voltage can be written in the following vector form:
Where
d
dt
(γ  +  α) =  ωr, d
dt
γ  =  ωa, d
dt
α  =  ωa −  ωr
Referred to arbitrary reference frame
vsse
j(γ+α) =  Rsissej(γ+α) +
d
dt
[Lmisrej(γ+α) +  Lsissej(γ+α)] (9)
vs =  Rsis +  jωs[Lmir +  Lsis] +  [Lm d
dt
ir +  Ls d
dt
is] (10)
The above equation can be written in the following form:
vs =  Rsis +  jωaλs +
d
dt
λs (11)
where
λds =  Lsids +  Lmidr
λqs =  Lsiqs +  Lmiqr
Decomposing the stator voltage into two components labeled as d, q
vsd =  Rsisd −  ωaλsq + d
dt
λsd (12)
vsq =  Rsisq +  ωaλsd + d
dt
λsq (13)
The rotor voltage can be written in the following vector form as follows:−
vr =  Rr
−
ir + ddt
−
λr
Fig. 1. Stator and rotor frame.
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eferred to the arbitrary reference frame
vrre
J(α) =  Rrirrej(α) +
d
dt
[Lmirsej(α)] +  Lrirrej(α)] (14)
vsr =  Rrisr +  j(ωa −  ωr)[Lmiss +  Lrisr] +  [Lm
d
dt
iss +  Lr
d
dt
isr] (15)
he above equation can be written in the following form:
λdr =  Lridr +  Lmids (16)
λqdr =  Lriqr +  Lmiqs
ecomposing the rotor voltage into two components labeled as d, q
vrd =  Rrird −  (ωa −  ωr)λrq + d
dt
λrd (17)
vrq =  Rrirq +  (ωa −  ωr)λrd + d
dt
λrq (18)
he motor in the d–q  axis can be represented in a matrix form equations as follows⎡
⎢⎢⎢⎢⎢⎣
vsd
vsq
vrd
vrq
⎤
⎥⎥⎥⎥⎥⎦ =
⎡
⎢⎢⎢⎢⎢⎣
Rs +  pLs −ωaLs pLm −ωaLm
ωaLs Rs +  pLs ωaLm pLm
pLm −(ωa −  ωr)Lm Rrd +  pLr −(ωa −  ωr)Lr
(ωa −  ωr)Lm pLm (ωa −  ωr)Lr Rrq +  pLr
⎤
⎥⎥⎥⎥⎥⎦ ·
⎡
⎢⎢⎢⎢⎢⎣
isd
isq
ird
irq
⎤
⎥⎥⎥⎥⎥⎦ (19)
y simplifying the above equation we obtain the motor model in the arbitrary rotating reference frame
p.[
isd
isq
ird
irq
] = 1
LsLr − L2m .A · [
isd
isq
ird
irq
] + 1
LsLr − L2m .[
Lr 0 −Lm 0
0 Lr 0 −Lm
−Lm 0 Ls 0
0 −Lm 0 Ls
][
vsd
vsq
0
0
]
A = [
−RsLr ωaLsLr − (ωa − ωr)L2m RrLm ωaLmLr − (ωa − ωr)LmLr
−ωaLsLr + (ωa − ωr)L2m −RsLr −ωaLmLr + (ωa − ωr)LmLr RrLm
RsLm −ωaLmLs + (ωa − ωr)LmLs −RrLs −ωaL2m + (ωa − ωr)L2r
ωaLmLs − (ωa − ωr)LmLs RsLm ωaL2m − (ωa − ωr)L2r −RrLs
]
(20)
T = 3P
2
Lm(ird .isq −  irq.isd) (21)
Te =  J dω
dt
+  B.ω  +  TL (22)
he rotor reference frame is obtained by putting ωa =  ωr.
The model was tested on a healthy motor with the parameters given in Section 7. The simulation was run at a frequency
f 40 Hz. Fig. 2 shows the torque-speed curve of the motor under study. The synchronous speed is 251.3 rad/s and the
aximum torque occurs at a speed of 230 rad/s.
.  Proposed  rotor  broken  bar  fault  detection  methodFig. 3 shows the effect of increasing the rotor resistance from R1(rated value) to R2up to R6 on the maximum torque
eak position. It is clear that the maximum torque point is shifted to the left as the rotor resistance increases. Knowing
hat the broken bars increases the rotor resistance, as the number of parallel bars composing the rotor resistance
er phase decreases. This leads to moving the speed of the maximum torque to the left or in other words, the slip
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Fig. 2. Motor model test.Fig. 3. The induction motor torque speed characteristic under balanced rotor resistance variation.
increases. The variation of the resistance detected from the breakdown torque shift and hence the number of bars can
be determined.
By neglecting the end ring resistance, the rotor resistance per phase is the result of a number of parallel bars and is
calculated as follows.
rr = rb
Nb/3
(23)
where
Nb: total number of rotor bars.
rr: rotor resistance.
rb: single bar resistance.
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Broken bars means one or more of the parallel resistances will be removed which leads to the increase in the rotor
esistance by r. The number of healthy bar becomes Nb/3 −  nbb for this phase, which leads to a new phase resistance
r +  r.
rr +  r  = rb
Nb/3 −  nbb (24)
here
r: change of rotor resistance.
nbb: number of broken bars.
This change of rotor resistance can be calculated as follows
r  = −rb
Nb/3
+ rb
Nb/3 −  nbb (25)
r = −rb
Nb/3
(
−1 + Nb/3
Nb/3 −  nbb
)
(26)
r = rb
Nb/3
(
Nbb
Nb/3 −  nbb
)
(27)
r =  rr
(
Nbb
Nb/3 −  nbb
)
(28)
By adding this change to the rotor resistance, the stator current, torque and other machine variables with different
umber of broken bars are obtained.
.  Simulation  and  simulation  results
The simulation results for induction motor with rotor broken bars are shown in Figs. 4–10 showing seven different
ases for the fault under study. The figures show the torque-speed characteristic curves for one, two .  . ..up to seven
roken bars. The motor in each case runs at no load with 40 Hz driving frequency. It is clear that the disturbance in the
urves increases as the number of broken bars increase when comparing it with the curve of Fig. 2 of a healthy motor.
Also with more broken bars, the maximum torque-speed decreases and moves to the left of the graph indicating
igher rotor resistance.
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Fig. 5. Torque speed characteristic under two broken bar.
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Fig. 6. Torque speed characteristic under three broken.
6.  Detecting  the  faulty  motor
The induction motor under investigation will be run at no load with sensors coupled to its rotor to measure torque
and rotational speed (Rotary Torque Sensor). Because of high price of the torque sensor, torque can be estimated using
current and voltage sensors. The resulting curve will show the point at which maximum torque occurs. The actual rotor
resistance will be calculated according to the following equation.
From speed torque curve by differentiating the torque equation with respect to slip results
Rr.act =  Smax.
√
R2s +  X2eq (29)
The value of r  is calculated fromr  =  Rr.act −  Rr (30)
nbb = Nb3 −
rb
Rr.act
(31)
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Fig. 7. Torque speed characteristic under four broken bar.
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Fig. 8. Torque speed characteristic under five broken bar.
Table 1
The comparison between different number of broken rotor bars.
Case Speed (at maximum torque)
(rad/s)
Smax Approx. r (Ohm) No. of broken bars
by estimation
Decision (no. of
broken bars)
1 230–228 0.0849 0.0215 0.0808 Healthy
2 227–226 0.0948 0.2691 0.9069 1
3 225–221 0.1048 0.5596 1.7071 2
4 220–218 0.1286 1.2569 3.1225 3
5 217–212 0.1406 1.6055 3.6500 4
6 211–200 0.1724 2.5353 4.6993 5
7 199–175 0.2241 4.0460 5.7688 6
8 174–155 0.3435 7.5325 7.0075 7
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Fig. 9. Torque speed characteristic under six broken bar.
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Fig. 10. Torque speed characteristic under seven broken bar.
According to the value of r, the number of broken bars is estimated according to Table 1. The table is constructed
with 40 Hz as the driving frequency.
Then
ωSyn. =  251.3274 rad/s
For a healthy motor, rated Smax =  Rr/
√
R2s +  X2eq =  0.0856.
An effective model of the induction motor provides the eigen values loci of the machine at full range of rotor speed
(with inverter). The model enables to find the eigen values as a function the machine parameters at specific speed and
indicated that the increase in machine resistance leads to reduction in the damping (Faeka Khater et al., 2008). This
study confirms that broken bar faults can leads to the same result as increasing the machine resistance.7.  Conclusion
A fault diagnostics system has been proposed for a three phase squirrel cage induction motor. The system has been
developed in simplified manner load independent. Based on a time domain simulation model, the induction motor
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ifferent fault conditions have been simulated.The resulting torque-speed characteristic is providing the guide for the
roposed detection technique. The proposed fault diagnostics system has resulted in a logged data that provides the
ault condition according to the data base status. The developed system is capable of identifying the number of rotor
roken bars. In addition, it is adequate for use in an on-line fault diagnostics system in induction motor drive.
.  Machine  parameters
sa = 3.85 Ohm Rsb = 3.85 Ohm
sc = 3.85 Ohm Rra = 2.50 Ohm
rb = 2.50 Ohm Rrc = 2.50 Ohm
ls = 0.0576 H Llr = 0.0576 H
m = 0.28779 H P  = 4
 = 0.03 kg m2 B = 0.003 kg m2 s
umber of rotor bars: 28
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